Ineffective myelin debris clearance is a major factor contributing to the poor regenerative ability of the central nervous system. In stark contrast, rapid clearance of myelin debris from the injured peripheral nervous system (PNS) is one of the keys to this system's remarkable regenerative capacity, but the molecular mechanisms driving PNS myelin clearance are incompletely understood. We set out to discover new pathways of PNS myelin clearance to identify novel strategies for activating myelin clearance in the injured central nervous system, where myelin debris is not cleared efficiently. Here we show that Schwann cells, the myelinating glia of the PNS, collaborate with hematogenous macrophages to clear myelin debris using TAM (Tyro3, Axl, Mer) receptor-mediated phagocytosis as well as autophagy. In a mouse model of PNS nerve crush injury, Schwann cells up-regulate TAM phagocytic receptors Axl and Mertk following PNS injury, and Schwann cells lacking both of these phagocytic receptors exhibit significantly impaired myelin phagocytosis both in vitro and in vivo. Autophagy-deficient Schwann cells also display reductions in myelin clearance after mouse nerve crush injury, as has been recently shown following nerve transection. These findings add a mechanism, Axl/Mertk-mediated myelin clearance, to the repertoire of cellular machinery used to clear myelin in the injured PNS. Given recent evidence that astrocytes express Axl and Mertk and have previously unrecognized phagocytic potential, this pathway may be a promising avenue for activating myelin clearance after CNS injury. 
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myelin | phagocytosis | Wallerian degeneration | Schwann cell | regeneration T ight regulation of debris clearance is an essential and highly conserved process required for successful development as well as maintenance of homeostasis and immune tolerance in mature tissues (1) . Defects in clearance of debris are associated with diverse pathologies including retinitis pigmentosa, chronic obstructive pulmonary disease and asthma, atherosclerosis, and Alzheimer's disease (2) (3) (4) . In addition to being required in developing and healthy tissues, efficient debris clearance is essential for successful tissue repair following injury, when large quantities of cellular debris accumulate over a short time span. The cell types responsible for debris clearance include professional phagocytes recruited from the circulation, such as macrophages, as well as less renowned tissue-resident phagocytes. Elucidating the molecular mechanisms used by cells to clear debris during health and after injury is a critical step toward understanding how debris clearance goes awry in disease.
A remarkable example of efficient debris clearance following injury is removal of myelin debris from the lesioned peripheral nerve. Following peripheral nerve injury, the nerve distal to injury degenerates through the process of Wallerian degeneration, producing a large quantity of myelin debris. Within only 2 to 3 wk after injury, the majority of this debris is cleared from the distal nerve (5) . This rapid clearance of peripheral myelin debris is essential for successful axon regeneration and functional recovery, and yet the molecular mechanisms that underlie it remain incompletely understood (6) (7) (8) . The postinjury scenario in the peripheral nerve is in stark contrast to that of the injured CNS, where myelin debris persists for months to even years after injury and is a major molecular roadblock to brain and spinal cord repair (9, 10) . Given this contrast, we reasoned that furthering mechanistic understanding of peripheral myelin clearance would not only answer important outstanding questions in peripheral nerve biology, but may also provide insight into ways to promote myelin debris clearance in the injured CNS.
Myelin debris clearance in the injured peripheral nerve is a collaborative effort accomplished by multiple cell types. Our laboratory and others have shown that macrophages recruited into the nerve from peripheral circulation use complement-and Fc receptormediated mechanisms to help accomplish peripheral nervous system (PNS) myelin clearance. Accordingly, the abrogation of either of these pathways in macrophages leads to decreases in macrophage phagocytosis and delays in myelin clearance as well as impaired regeneration and functional recovery (7, 10) . Two types of tissueresident glial cells have also been recognized to contribute to myelin debris removal from the injured peripheral nerve: Schwann cells and perineurial cells (11) (12) (13) . Despite recent progress toward a molecular understanding of the Schwann cell response to injury, our understanding of the Schwann cell-mediated mechanism of myelin removal has remained incomplete (14, 15) .
Significance
Myelin is a potent inhibitor of axon regeneration. In the central nervous system, failure to clear myelin debris after injury presents a major roadblock to recovery. In contrast, rapid myelin clearance in the peripheral nervous system (PNS) contributes to this system's remarkable regenerative capacity, but the mechanisms involved have remained incompletely understood. In this work, we set out to identify novel mechanisms of PNS myelin clearance to generate new ideas about activating myelin clearance in the injured CNS. We provide evidence that Schwann cells, myelinating glia of the PNS, engulf myelin debris using two receptors, Axl and Mertk. We hypothesize that astrocytes have the potential to use this same mechanism to engulf myelin debris after CNS injury.
Here we report efforts to enhance our mechanistic understanding of myelin removal by Schwann cells. To begin, we examine the time course of Schwann cell and macrophage contributions to this process to establish the time window during which Schwann cell-mediated myelin clearance is at its peak. We then investigate two clearance mechanisms, autophagy and phagocytosis, that might underlie Schwann cell clearance of myelin. Next, using data gleaned from RNA sequencing (RNAseq) analysis of Schwann cells acutely purified from the intact and injured peripheral nerve, we identify candidate phagocytic pathways that might be necessary for this process. Finally, we test our candidates using transgenic mice and in vitro and in vivo assays of Schwann cell myelin clearance.
Results
Time Course of Schwann Cell-Mediated Myelin Clearance. We first established the time frame of myelin clearance after PNS injury by measuring the quantity of residual myelin protein and compact membranes in the mouse sciatic nerve distal to the site of nerve crush injury at multiple time points. We measured the myelin proteins myelin protein zero (MPZ or P0) and myelin basic protein (MBP) using Western blotting of distal nerve lysates ( 1A). Compact myelin membranes were measured by staining cryosections of the distal nerve with the lipophilic dye FluoroMyelin red (Fig. 1B) . In agreement with previously published findings from our laboratory and others, we found that myelin clearance is already under way in the mouse peripheral nerve by 2 d after injury and is ∼70 to 80% complete by 8 to 10 d after injury (Fig. 1C) .
To elucidate the timing of individual cell-type contributions to peripheral myelin clearance, we assessed the myelin clearance activity of monocytes/macrophages and Schwann cells at 2, 4, 6, and 9 d after sciatic nerve crush. We first used immunohistochemistry (IHC) for MPZ in combination with macrophage/ monocyte marker Iba1 and Schwann cell marker p75 to visualize clearance of myelin debris by both cell types. Throughout our immunohistochemical studies, Schwann cells were differentiated from perineurial cells, which are also p75-and S100-immunoreactive, by their location within the nerve, elongated cellular morphology, and characteristic association with axons and myelin (16) . We interpreted the presence of myelin proteins inside of cells stained for Iba1 as evidence for myelin degradation by monocytes/macrophages. Monocyte/macrophage degradation of myelin debris was apparent beginning at 6 d after injury and was even more pronounced at 9 d after injury (Fig. 1D , arrowheads and Fig. 1D′ , Top). In contrast, we found that immunostaining for p75 and myelin protein was insufficient to deduce Schwann cell-mediated degradation of myelin. This difficulty arose from the fact that the intact myelin sheath is already intimately associated with Schwann cell cytoplasm in the uninjured nerve, and from the fact that physical fragmentation of the myelin sheath by Schwann cells ∼2 d after nerve injury to form myelin ovoids results in large amounts of segmented myelin that appears within the Schwann cell but has not necessarily begun to be cleared or degraded by the cell (Fig. 1D , arrows and Fig. 1D′ , Bottom).
To specifically detect Schwann cell degradation of myelin, we turned to the lipid dye oil red O (ORO), which stains droplets of neutral lipids that arise following degradation of the polar phospholipids of cell membranes (17) . As expected, ORO brightly stains lipid droplets and only dimly stains intact myelin and myelin ovoids, allowing us to specifically identify and quantify lipid degradation (Fig. 1F) . In our system, the ORO signal is specific to myelin degradation, since it was nearly absent from mostly nonmyelinated degenerating splenic nerves (Fig.  1E) . A time course of ORO-positive droplet formation revealed that myelin lipid degradation products accumulate in Schwann cells beginning at 4 d after injury, peak around 9 d after injury, and subside significantly by 2 wk after injury (Fig. 1F′ ), allowing us to conclude that Schwann cells contribute most heavily to myelin clearance during this time window. ORO accumulation in macrophages followed a very similar time course, also peaking at 9 days post crush (dpc), consistent with our IHC observations ( Fig. 1 G and G′) . As further evidence for degradative activity, Schwann cell lysosome abundance, measured by immunohistochemistry using antibodies to LAMP2, also increased over the first week after nerve injury (Fig. 1H) .
Lysosomes are interlinked with two main intracellular processes: endocytosis/phagocytosis and autophagy. We designed experiments to determine whether these mechanisms mediate Schwann cell clearance of myelin. Our first set of experiments aimed to assess whether Schwann cells require autophagy to degrade myelin after peripheral nerve crush injury.
Assessment of the Role of Autophagy in Myelin Debris Clearance.
Lipidation of cytosolic mammalian myosin light chain 3 (LC3) to become LC3-phosphatidylethanolamine (LC3-PE) results in transient association of this protein with nascent autophagosomes and is critical for autophagosome formation (18) . We established a time course of autophagosome formation after peripheral nerve crush by examining the ratio of unlipidated LC3 to LC3-PE at multiple time points using Western blotting, and found that this measure increased modestly after nerve crush, peaking at 4 d after injury ( Fig. 2A) .
We next used mice expressing the GFP fusion protein LC3-GFP to determine what cell type was up-regulating autophagy and the frequency of autophagosome formation in the injured nerve. The LC3-GFP fusion protein allows the visualization of autophagosomes when LC3-PE associates with the autophagosome membrane, but is diffusely distributed throughout the cytoplasm in the absence of autophagy (19) . We crossed these LC3-GFP mice to a line of mice expressing cytoplasmic tdtomato in Schwann cells (loxSTOPlox tdtomato × P0 Cre) to obtain mice with green autophagosomes and red Schwann cells. Examination of wholemount sciatic nerves from these mice at 2, 4, and 7 d after injury revealed that autophagosome formation occurs in Schwann cells after sciatic nerve crush and reaches a maximum at 4 dpc, in agreement with the results of our Western blotting experiment ( Fig. 2 B and C) . Abundance of autophagosomes was highly variable, however, with most cells exhibiting only very sparse or no autophagosomes.
To test whether autophagy is necessary for Schwann cell degradation of myelin after nerve crush injury, as has recently been shown after nerve transection, we generated mice in which Schwann cells are unable to perform autophagy due to deletion of essential autophagy protein atg7 (floxed Atg7 × P0 Cre) (20) (21) (22) . These mice did not display any obvious behavioral abnormalities before their use for experiments at 8 to 12 wk of age. Western blotting of sciatic nerve Schwann cells purified from these animals by immunopanning at 5 dpc indicated that conversion of LC3 to LC3-PE had been inhibited as expected (Fig. 2D ). Western blot analysis of residual peripheral myelin proteins MPZ and MBP from these autophagy-deficient Atg7flox/flox;P0 Cre +/− and littermate control Atg7flox/flox;P0 Cre −/− nerves indicated a significant reduction in myelin clearance in sciatic nerves with autophagydeficient Schwann cells at 7 d after crush injury. By 9 d after injury, this difference was no longer significant. The results of these experiments led us to conclude that autophagy contributes to Schwann cell-mediated clearance of myelin debris in mice after sciatic nerve crush. Autophagy appears insufficient to fully account for Schwann cell-mediated myelin degradation, however, given the paucity of autophagosomes observed in the postcrush nerve, in contrast with the abundance of ORO-positive lipid droplets within Schwann cells at 6 and 9 dpc.
Assessment of the Role of Schwann Cell Phagocytosis in Clearing
Myelin Debris. We wanted to take an unbiased look at alternate mechanisms Schwann cells might use to clear myelin. To begin this search, we used an RNAseq database recently generated by our laboratory that compares the transcriptomes of Schwann cells acutely purified from the intact and crushed rat sciatic nerve at 0, 3, 5, and 7 dpc. DAVID software analysis of our gene lists enabled us to take a first look at pathways enriched in Schwann cells after nerve injury (23, 24) . Notably, the Gene Ontology term "endosome" was significantly enriched in our gene lists in comparison with the rat reference genome and enriched at increasing levels of significance over time after injury, with P values of 0.08 in the uncrushed nerve, 0.003 at 3 dpc, 0.007 at 5 dpc, and 0.001 at 7 dpc, suggesting that Schwann cells might use phagocytosis in addition to autophagy to clear myelin debris. Indeed, we found by immunohistochemistry using antibodies to endosome-specific protein EEA1 that endosomes are very abundant in Schwann cells after nerve crush injury (Fig. 3A) . To our knowledge, there is no existing transgenic mouse that is globally deficient in phagocytosis. Therefore, to assess the necessity of phagocytosis for Schwann cell-mediated myelin clearance, we sought to identify candidate molecular pathways that we could then manipulate. We mined our RNAseq datasets for transcripts of known phagocytic receptors to identify specific pathways that might underlie Schwann cell phagocytosis of myelin debris. We selected candidate phagocytic receptors based on two criteria: up-regulation by twofold or more after nerve injury, and maximum fragments per kilobase million (FPKM) of at least 10. Two phagocytic receptors met both of these criteria: Axl and Mertk, both members of the TAM family of receptor tyrosine kinases with known roles in debris clearance in other systems ( Fig. S1 and Fig. 3B) (3, 25) . Interestingly, Megf10 and LRP1, both phagocytic receptors with known phagocytic functions in other types of glia, were expressed at FPKM <6 (25, 26) . We confirmed up-regulation of these receptors in the injured mouse sciatic nerve at the protein level by Western blotting and specifically in Schwann cells by using immunostaining (Fig. 3 C  and D) .
Are Axl and Mertk required for Schwann cell phagocytosis of myelin? We first assessed this question in primary culture. We began by purifying myelin from peripheral nerves and labeling it with the pH-sensitive dye pHRODO, which fluoresces brightly in acidic cellular compartments such as lysosomes but exhibits only dim fluorescence in the cytosol. When purified wild-type Schwann cells isolated from injured sciatic nerves were fed pHRODOlabeled myelin, the cells readily engulfed the labeled debris and exhibited pHRODO fluorescence. Although outside the realm of this study, Schwann cells were also observed to cluster over several hours of incubation with myelin debris, suggesting migration toward debris over time. We could quantify the level of pHRODO fluorescence per cell using flow cytometry (FACS) analysis following trypsinization of the Schwann cells or per field using live-cell microscopy ( Fig. 4 A-C) . We performed our FACS-based in vitro phagocytosis assay using Schwann cells purified from the sciatic nerves of WT mice and mice lacking Axl or Mertk. The results of these experiments revealed that in comparison with Schwann cells purified from wild-type littermate controls, Schwann cells lacking both copies of Axl or Mertk exhibited significant 40-50% defects in myelin phagocytosis (Fig.  4 D and E) . Based on these findings, we were very interested in knowing if Schwann cells lacking both Axl and Mertk would exhibit an even greater defect in phagocytic ability. Indeed, double-mutant Schwann cells were almost completely unable to phagocytose myelin debris (Fig. 4F) . We confirmed these data using live-cell microscopy of Axl/Mertk WT, double-heterozygous (DHet), and double-mutant (DKO) Schwann cells over a 24-h period of coincubation with pHRODO-labeled myelin debris (Fig.  4G) . Interestingly, this experiment revealed a significant defect in the phagocytic ability of Axl/Mertk DHet Schwann cells relative to WT controls, suggesting haploinsufficiency of these receptors, at least in the in vitro setting.
We next tested the necessity of the Axl and Mertk pathways for myelin clearance after peripheral nerve injury in vivo. We quantified residual myelin proteins MPZ and MBP 7 and 9 d after crush in sciatic nerves from Axl (DHet) littermates as well as wild-type controls. As observed in our autophagy experiments, we found a significant decrease in myelin protein clearance in nerves lacking both Axl and Mertk at 7 dpc in comparison with Axl/Mertk WT nerves (Fig. 5 A-C) . To further characterize this phenotype, we examined myelin morphology in WT and DKO nerves at 7 dpc using electron microscopy (EM), reasoning that if Axl/Mertk mutant Schwann cells were unable to engulf myelin debris, myelin in these mutant nerves would persist in a more preserved state than in WT injured nerves. By EM, myelin in both WT and DKO nerves existed at various stages of degradation at 7 dpc, with highly degraded myelin figures localized within vacuoles of Schwann cells and macrophages, consistent with previous ultrastructural studies of Wallerian degeneration (27) . Upon close examination, we noted that preserved, nonvacuolar myelin figures, each defined as a single ring of closely opposed myelin membranes (no onion bulb appearance) not located within an intracellular vacuole, appeared more abundant in DKO nerves in comparison with WT nerves (Fig. S2A) . This phenotype was statistically significant when quantified using toluidine blue-stained thick sections by a blinded observer (Fig. S2 B and C) . Without 3D reconstruction EM, we were unable to determine with certainty whether these preserved myelin figures were extracellular or associated with a Schwann cell nucleus out of the plane of section. These data corroborated our Western blot findings and provided additional evidence for a delay in degradation of myelin in Axl/ Mertk double-mutant nerves.
To confirm that reduced myelin clearance in Axl/Mertk DKO nerves was Schwann cell-mediated, we compared the number of oil red O droplets as well as the number of endosomes in Axl/ Mertk WT, double-heterozygous, and double-knockout Schwann cells post injury (Fig. 5 E-G) . We measured endosome abundance using an antibody to EEA1, an endosome-specific protein. 
Discussion
The Peak Periods of Schwann Cell-and Macrophage-Mediated Myelin Clearance Are More Coincident than Previously Believed. Previously, myelin clearance in the injured peripheral nerve had been thought to occur in two stages: an initial Schwann cell-mediated period of clearance 0 to 6 d after injury, followed by a second, macrophage-mediated period of clearance. This picture of myelin clearance is based on studies by our laboratory and others demonstrating that knockdown of specific pathways involved in macrophage-mediated clearance results in a delay in myelin clearance, but only from day 5-6 post injury onward (6, 7). Here we show that although Schwann cells partition their myelin sheath to form myelin ovoids during the first 2-3 d after injury, intracellular generation of lipid droplets in Schwann cell (SC) cytoplasm follows a very similar time course as the appearance of lipid droplets in macrophages, beginning at ∼4 d after injury and peaking at 9 d post injury (Fig. 1) .
Schwann Cells Use Autophagy to Clear Myelin Debris. Descriptive studies have long postulated the involvement of autophagy and/ or phagocytosis in myelin clearance by Schwann cells (28, 29) . Indeed, the intimate association of myelin with Schwann cell cytoplasm both before and after injury makes autophagy an attractive mechanism for myelin clearance. Alternatively, the involvement of macrophages in myelin phagocytosis implies accessibility of myelin debris to phagocytic cell types, making phagocytosis by Schwann cells a plausible mechanism for clearance as well. Here we have provided evidence that both of these processes contribute to Schwann cell-mediated myelin clearance. GomezSanchez et al. recently demonstrated that Schwann cells use autophagy to degrade myelin after nerve transection, a process they coined "myelinophagy" (22) . These findings were supported in a subsequent publication by Jang et al. (20) . Given the known association between nutrient restriction and autophagy and the more drastic disruption in distal nerve blood supply caused by transection injury in comparison with crush injury, we wondered if these findings would apply in a nerve crush scenario as well (30) . Our data corroborate these studies showing the involvement of autophagy in Schwann cell-mediated myelin clearance and validate this mechanism in a crush model of nerve injury (Fig. 2) . However, our findings also indicate that autophagy alone does not account for all of the myelin clearance activity exhibited by Schwann cells after nerve crush. The TAM family of receptors is well-known for its involvement in phagocytosis by tissue-resident phagocytes: by retinal pigment epithelial cells in the retina, Sertoli cells in the testis, and astrocytes in the brain (25, 31) . Our study adds a cell type, debris type, and tissue setting to this list and raises several issues for consideration. First, we show that both Schwann cell autophagy and Schwann cell phagocytosis contribute to myelin clearance after nerve injury. In vivo, however, the impact of each of these mechanisms on the amount of myelin debris remaining in the injured nerve is constrained to a relatively short time window which begins around a week after injury and ends by 9 d post injury (Fig. 5) . It is very likely that the role of these pathways in our mutant mice is masked by compensatory increased phagocytosis by macrophages recruited into the nerve after injury. We conducted preliminary studies to test this hypothesis using clodronate liposomes to reduce macrophage number (32) . These studies were unable to test our prediction due to an inability to reduce macrophage number more than 50% using this method and an observed significant reduction in Schwann cell phagocytosis in wild-type clodronatetreated animals versus untreated animals. The fact that clodronate treatment, itself, led to reduced myelin clearance by Schwann cells raises the possibility that macrophages are required for Schwann cells to attain their full phagocytic potential. Indeed, our RNAseq transcriptomes indicate that Gas6, one of the bridging molecules required for TAM receptor function, is highly expressed by macrophages isolated from the injured peripheral nerve. Other possible compensatory mechanisms include activation of alternate Schwann cell pathways and increased clearance by yet other cell types such as perineurial cells (11) . The redundancy of multiple cellular and molecular mechanisms to mediate myelin clearance in the injured peripheral nerve highlights the complexity of this process and its importance for successful nerve repair. In future , and Axl/Mertk double-mutant Schwann cells and their littermate controls. Cells were purified from sciatic nerves 6 d after crush. Myelin phagocytosis was quantified using flow cytometry 2 to 3 h after addition of pHRODO-labeled PNS myelin debris. n = 4 for each genotype. Data are presented as mean ± SEM. (G) Quantification of integrated fluorescence per live-cell imaging field of Schwann cells coincubated with pHRODO-labeled myelin at 2 to 24 h after addition of myelin. n = 3 for each genotype: wild type, double heterozygote, and double knockout. Data are presented as mean ± SEM. **P < 0.01, ***P < 0.001.
experiments, it would be interesting to observe the effect on myelin clearance in a system where Schwann cells are unable to perform both phagocytosis and autophagy. Additionally, it may be the case that autophagy and/or TAM-mediated phagocytosis contribute to regulating myelin turnover and maintenance in the healthy peripheral nerve, which has only a very sparse population of resident macrophages.
A fascinating area of future study is understanding how myelin, which is protected from attack by phagocytic cells in the healthy nerve, becomes a phagocytic target after injury. At a structural level, one possibility is that following myelin ovoid formation, myelinating Schwann cells shed their myelin into the extracellular space to be engulfed by debris-scavenging phagocytes. Another possibility is that phagocytes play an active role in promoting Representative IHC images of 7-dpc cryosections of WT and Axl/Mertk DKO mouse sciatic nerves stained with ORO (lipid droplets) and antibodies to S100 (Schwann cells). Arrowheads indicate ORO within an S100-positive cell, while asterisks indicate ORO-positive droplets in S100-negative cells, presumably macrophages. (Scale bar, 10 μm.) (G) Quantification of ORO-positive lipid droplet abundance per field at 7 and 9 dpc in blindly selected and analyzed fields of IHC-stained tissue from WT, Axl/Mertk double-heterozygous, and Axl/Mertk double-knockout mice. n = 4 to 10 animals per genotype per time point. Four images were analyzed per animal. Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
release of myelin from intact myelin sheaths by inducing local out-foldings in the myelin sheath akin to the myelinosome formation recently reported by Romanelli et al. in a mouse model of multiple sclerosis (33) . In this latter scenario, myelin may never be apparent in the extracellular milieu, since it would be directly pinched off from the intact myelin sheath by phagocytic processes. At a molecular level, "eat me" signals on the surface of myelin may be exposed or up-regulated after injury, leading to interaction with phagocytic receptors and promoting engulfment, as is observed in clearance of apoptotic cells (2) . Finally, the specificity of Axl and Mertk receptors for myelin debris among the multiple kinds of cellular debris present in the postinjury nerve has yet to be thoroughly investigated. Schwann cells may use these receptors to clear axonal as well as myelin debris. Alternatively, macrophages rather than Schwann cells may clear axon debris after injury. Using our growing knowledge of the molecular interactions that enable phagocytes to engage with targets, it will be very interesting to understand how specific cell types and molecular pathways are coordinated to accomplish debris clearance in the peripheral nerve (1, 2).
Myelin Phagocytosis Pathways May Be Dysfunctional After CNS
Injury. Why CNS glia fail to clear myelin debris after CNS injury is a critically important question. Persistent myelin debris in the injured CNS milieu is one of the major obstacles to successful CNS repair (34) . Unlike Schwann cells, oligodendrocytes, the myelinating glia of the CNS, do not express phagocytic machinery and do not contribute to myelin debris clearance (22, 34, 35) . Macrophages do not enter the distal segment of axotomized CNS axon pathways, as the blood-brain barrier does not break down and microglia appear capable of only a limited degree of myelin debris clearance (10, 36) . Recent work from our laboratory, however, has shown that mouse astrocytes express phagocytic pathways and that they phagocytose synaptic debris in the developing and adult brain using Mertk, Megf10, and LRP1 and robustly phagocytose myelin debris in vitro (25, 37) . Why then, are astrocytes unable to phagocytose myelin debris after CNS injury? Gene profiling of reactive astrocytes following CNS injury demonstrates that many components of these phagocytic pathways are down-regulated and that after CNS axotomy a type of reactive astrocyte is generated that has little ability to phagocytose (37, 38) . As we continue to uncover the Schwann cell-mediated mechanism of myelin debris clearance, it will be interesting to use our findings to diagnose specific deficiencies in myelin clearance pathways after CNS injury and to devise therapeutic strategies for activating this process.
Materials and Methods
Immunohistochemistry and Fluorescent Dye Labeling. Nerves were paraformaldehyde (PFA)-fixed for 4 h on ice, cryopreserved with 30% sucrose in PBS overnight (4°C), embedded in 2:1 OCT:30% sucrose, and sliced (10 to 12 μm) as longitudinal or cross-sections. Slides were dried at 60°C, placed in PBS, blocked for 1 h [room temperature (RT), in 10% serum/0.2% Triton X-100 in PBS], and incubated with primary antibodies overnight (4°C, in 10% serum/0.2% Triton X-100 in PBS). They were then washed with PBS, given secondary antibodies for 1 h (RT, in 10% serum/0.2% Triton X-100 in PBS), washed in PBS, and coverslipped in Vectashield with DAPI (Vector Laboratories).
For sciatic nerve whole mounts, nerves were PFA-fixed for 4 h on ice. Each nerve's perineurium was carefully removed with forceps, permeabilized with methanol on dry ice, and then blocked with 10% serum/1% Triton X-100/PBS overnight at 4°C. Nerves were incubated with primary antibodies in 10% serum/1% Triton X-100/PBS for 48 h (4°C), washed with PBS/1% Triton X-100, and then incubated with secondary antibodies in 10% serum/1% Triton X-100/PBS for 48 h (4°C). After incubation with secondary antibodies, nerves were washed with 1% Triton X-100/PBS, put through 25%, 50%, and 75% glycerol in PBS (>6 h each, 4°C), and then mounted. Oil red O staining (Abcam; ab150678) was performed according to the manufacturer's instructions. FluoroMyelin staining was performed with FluoroMyelin Red Fluorescent Myelin Solution (Life Technologies) according to the manufacturer's instructions. The following antibodies were used for immunostaining: rabbit anti-S100 (Dako; 1:100), goat anti-P75NTR (Neuromics; 1:500), rabbit anti-Iba1 (Wako; 1:300), rabbit anti-EEA1 (Abcam; 1:200), chicken anti-MPZ (Millipore; 1:100), rat anti-LAMP2 (Abcam; 1:100), goat anti-Axl (R&D Systems; 1:100), and goat anti-Mertk (R&D Systems; 1:100). Secondaries used were donkey or goat Alexa Fluor 488/ 594/568/405 (highly cross-absorbed; Invitrogen)-conjugated and used at 1:1,000 on cryosections and at 1:500 for whole mounts.
For staining of splenic and sciatic nerves degenerated in vitro, following removal of epineurium and superfluous connective tissue, nerves were cut into 5-mm segments, transferred to DMEM supplemented with 5% FBS, and incubated at 37°C/5% CO 2 until fixation and staining as described above.
Western Blotting. On dry ice, nerves were ground using ReadyPrep Mini Grinders (Bio-Rad) for 15 s. RIPA (200-400 μL) with cOmplete Ultra tablets (Roche) was added, and samples were ground for another 30 s and then centrifuged (16, 000 × g, 4°C) . For Western blots of whole-nerve lysates, protein concentration was determined using a BCA Kit (Pierce), and equal amounts of total protein were loaded per well. For Western blots of immunopanned Schwann cell lysate, cells were lysed by addition of RIPA with cOmplete Ultra tablets (Roche) and the entire lysate was loaded onto the gel. Samples were run through an SDS/polyacrylamide gel and transferred onto PVDF membranes (Immobilon-FL 0.45 μm; Millipore). Blots were washed, dried (RT, overnight), rehydrated, blocked (Odyssey buffer; LI-COR), and incubated with relevant primary and secondary (IRDye 680LT/800CW; LI-COR) antibodies. The following primary antibodies were used for Western blotting experiments: rabbit anti-LC3 (Novus Biologicals; 1:1,000), rabbit anti-ATG7 (Cell Signaling Technology; 1:750), chicken anti-GAPDH (ProSci; 1:1,000), mouse anti-MPZ (obtained as a gift from Juan J. Archelos, University of Graz, Graz, Austria; 1:10,000), rat anti-MBP (Abcam; 1:1,000), goat anti-Axl (R&D Systems; 1:1,000), and goat anti-Mertk (R&D Systems; 1:1,000). Western blots were labeled with IRDye 680LT/800CW secondary antibodies (LI-COR; 1:20,000).
In Vitro Schwann Cell Phagocytosis Assay. Schwann cells were purified 6 d after sciatic nerve crush from 8-to 13-wk-old mice according to the methods described in ref. 39 . Cells were plated at equal density into wells of a 96-well plate. The following day, cells in each well were rinsed once with Dulbecco's phosphate-buffered saline (DPBS) and fed media supplemented with 5% FCS and 1 μL pH-sensitive dye (pHRODO)-labeled crude PNS myelin purified according to ref. 37 . Myelin was quantified using the BCA assay and used at a protein concentration of 800 mg/mL. For flow cytometry analysis, Schwann cells were trypsinized after incubation at 37°C/5% CO 2 for 2-3 h and resuspended in 30% FCS on ice. Data were collected at the Stanford Shared FACS Facility obtained using the facility's LSR II.UV. SCs were identified by forward scatter, side scatter, and viability (DAPI) gating. Mean PE Texas red fluorescence (pHRODO) was calculated for each cell sample. For live-cell imaging, cells were incubated at 37°C/5% CO 2 and each well was imaged at 15-min intervals using an IncuCyte Zoom Live-Cell Analysis System (Essen BioScience). Integrated fluorescence intensity was quantified for each well. Images displaying no fluorescence due to evident error in automated focal plane were excluded from analysis.
Mice. C57BL/6 mice were obtained from Charles River. Mertk and Axl mutant mice were obtained from Greg Lemke at The Salk Institute, San Diego, CA. Atg7f/f mice were obtained from David Sulzer at Columbia University, New York, NY, with consent from Masaaki Komatsu at the Tokyo Metropolitan Institute of Medical Science, Tokyo, Japan. LC3-GFP mice were obtained from Thomas Rando at Stanford University with consent from Noboru Mizushima, RIKEN BRC, Ibaraki, Japan. P0 Cre and loxSTOPlox tdtomato mice were obtained from JAX (stock nos. 017927 and 007914). Animals were housed and handled in accordance with the guidelines of the Administrative Panel on Laboratory Animal Care of Stanford University. Unless noted otherwise, all mice were 8-13 wk of age at the time of the experiment, and comparisons between genotypes were made between matched littermate controls. For experiments involving Axl/Mertk mutant mice, double-knockout animals were matched with littermate double-heterozygous controls. WT controls for these experiments were age-matched only (to the closest week). For electron microscopy experiments, double-knockout animals were age-matched only (to the closest week) with WT controls.
Statistical Analysis. All measurements in this study are presented as means ± SEM. Significance was determined with two-tailed unpaired Student's t test, and P < 0.05 was considered significant. *P < 0.05, **P < 0.01, ***P < 0.001. For analysis of Axl/Mertk live-cell imaging data, a two-way ANOVA with Tukey test was performed.
Sciatic Nerve Crush. All surgical experiments were performed under 2.5% isoflurane. Sciatic nerve crush injury was performed as previously described (40) . Briefly, the sciatic nerve was exposed at midthigh level on the left side of the animal and crushed with smooth forceps for 30 s. The upper thigh was shaved and sterilized using isopropanol. A 1-cm incision was made using a scalpel, and the nerve was visualized via blunt dissection using forceps. The left sciatic nerve was crushed at midthigh for 10 s using forceps marked with sterile graphite to mark the crush site. Carprofen (5 mg/kg s.c.) was administered for analgesia.
Electron Microscopy Image Acquisition and Analysis. Transmission electron microscopy of sciatic nerves was performed in conjunction with the Stanford Cell Sciences Imaging Facility supported by NIH 1S10RR02678001. Sciatic nerves were processed essentially as described for optic nerves (41) . Briefly, mice were killed by CO 2 inhalation. Sciatic nerves were dissected out and postfixed in cold Karlsson-Schultz fixative (2.5% glutaraldehyde, 4% PFA in phosphate buffer, pH 7.3) at 4°C, treated with 2% osmium tetroxide in cold Karlsson-Schultz fixative, serially dehydrated, and embedded in EMbed 812 (EMS; 14120); 85-nm sections were transferred onto formvar/carbon-coated 50-mesh copper grids and stained for 30 s in 3% uranyl acetate in 50% acetone followed by staining for 3 min in 0.2% lead citrate. Images were acquired with a JEOL 1400 transmission electron microscope; 1-μm sections were stained with toluidine blue and imaged with a Zeiss Axio Imager M1. For quantification of preserved myelin figures in toluidine blue-stained sections, preserved myelin figures were counted for two 40× images of each nerve. Analysis of toluidine blue sections was blinded to genotype.
Epifluorescent Image Acquisition and Analysis. Epifluorescence images were taken with a Zeiss Axio Imager M1. Confocal images were taken with an LSM 710 confocal microscope at the Stanford Neuroscience Microscopy Service, supported by NIH NS069375. Live-cell images were taken using the IncuCyte Zoom Live-Cell Analysis System (Essen BioScience). Image analysis was carried out using Fiji ImageJ and Image Studio. Western blots were imaged with the Odyssey CLx Imaging System (LI-COR) in 700-and 800-nm channels.
